Whirlin is a protein essential to sensory neurons. Its defects are responsible for nonsyndromic deafness or for the Usher syndrome, a condition associating congenital deafness and progressive blindness. This large multidomain scaffolding protein is expressed in three isoforms with different functions and localizations in stereocilia bundles of hearing hair cells or in the connecting cilia of photoreceptor cells. The HHD2 domain of whirlin is the only domain shared by all isoforms, but its function remains unknown. In this article, we report its crystal structure in two distinct conformations, a monomeric five-helix bundle, similar to the known structure of other HHD domains, and a three-helix bundle organized as a swapped dimer. Most of the hydrophobic contacts and electrostatic interactions that maintain the globular monomeric form are conserved at the protomer interface of the dimer. NMR experiments revealed that the five-helix conformation is predominant in solution, but exhibits increased dynamics on one face encompassing the hinge loops. Using NMR and SAXS, we also show that HHD2 does not interact with its preceding domains. Our findings suggest that structural plasticity might play a role in the function of the HHD2 domain.
Introduction
Whirlin is a large multidomain scaffolding protein predominantly known for its function in auditory hair cells and photoreceptor cells, specialized neurons of sound and light perception [1, 2] . In these cells, whirlin organizes complexes that connect membrane proteins to the cytoskeleton and are essential to the development and maintenance of cilia. Mutations of the gene associated to whirlin are notably responsible for severe impairment of hearing and vision [1, 2] . Two genetic diseases have been linked to whirlin: mutations impacting its C-terminal half are responsible for profound prelingual nonsyndromic deafness (DFNB31) [1, 3] , whereas mutations affecting its Nterminus cause type 2 Usher syndrome associating moderate congenital deafness and progressive vision loss (USH2D) [2, 3] .
In hair cells or photoreceptors, whirlin is differentially expressed in three isoforms (Fig. 1A ) that organize independent complexes that would explain the correlation between the disease and the position of the Abbreviations CPMG, Carr-Purcell-Meiboom-Gill; GST, gluthathione S-transferase; HET-SOFAST, HETerogeneity-band-Selective Optimized-Flip-Angle Short-Transient NMR; HHD, Harmonin Homology Domain; Hp, hairpin; O.D., optical density; PBM, PDZ binding motif; PDZ, PSD-95/Dlg/ZO-1; RD, relaxation dispersion; RDC, residual dipolar coupling; SAD, single-wavelength anomalous dispersion; SAXS, small angle X-ray scattering.
mutation along the sequence. The full-length isoform contains a first Harmonin Homology Domain (HHD1), a tandem of PDZ domains (PDZ1-PDZ2), a second HHD domain (HHD2), a proline-rich region, a third PDZ domain (PDZ3) and a PDZ binding motif (PBM) at its C-terminus (Fig. 1B) . Full-length whirlin is expressed in hair cells and photoreceptors [4] where it critically interacts with other Usher proteins for correct development of these cells. The short N-terminal isoform contains the first four domains (HHD1, PDZ1, PDZ2 and HHD2) and is exclusively expressed in photoreceptors at low levels, where it colocalizes with the full-length isoform [5] . The short C-terminal isoform encompasses HHD2, a proline-rich region, PDZ3 and the C-terminal PBM. This isoform is only present in hair cells and its expression is controlled by a different promoter [1, 6] . It is involved in a multiprotein complex with actin-associated proteins [7] .
Interestingly, HHD2 is the only domain present in all isoforms of whirlin [6] . The region containing HHD2 has been widely overlooked in functional studies of whirlin, and this domain has only been identified recently, due to the low similarity between HHD domains. HHDs form a family of nine domains recently identified in six human proteins (Fig. 1B) [8] . They are small domains of 80 amino acids folded in a compact five alpha-helix bundle (a1 to a5) [9] . Structures of two HHDs, from harmonin and CCM2 proteins, have been solved thus far [9] [10] [11] . HHD domains bind an isolated amphipathic helix of their partners in a groove formed between helices a1 and a2 and a conserved hydrophobic patch on the a4/a5 loop. In addition to this main mode of interaction, two known structures of HHD show these domains are prone to interact with larger domains via other surfaces [11, 12] . The a3/a4 loop of HHD of harmonin binds to a hairpin extension of its adjacent PDZ domain, independently of the helix binding motif, whereas the HHD domain of CCM2 binds partner protein MEKK3 through its N-terminal helical motif and also interacts with the downstream PB1 domain on a large exposed surface of the helices a2 and a3. Thus, HHDs may have a plasticity of interaction for their binding partners.
In this study, we present the crystal structures of the HHD2 domain of whirlin. This new member of the HHD family adopts two distinct conformations; a canonical five-helix bundle and a novel three-helix fold stabilized as a dimer. From one structure to the other, most of the essential intramolecular interactions between helices are conserved or compensated, except in two hinge regions that exhibit loop-to-helix conformational differences. We show by NMR spectroscopy that HHD2 adopts a monomeric five-helix conformation in solution. However, our data highlight the dynamic nature of one side of the domain, especially around the hinge loops that might indicate a predisposition to undergo a conformational switch or to accommodate a binding partner. Finally, NMR and Small Angle X-ray Scattering (SAXS) experiments reveal that in the larger modular context of whirlin, the HHD2 domain is monomeric and does not form a three-domain supramodule with the N-terminal PDZ1-PDZ2 tandem. Altogether, our results suggest that HHD2 is a functional domain in the C-terminal isoform of whirlin and that its structural plasticity might play a role in whirlin function, by regulating the interaction with binding partners or promoting its dimerization in the cells.
Results

Conservation of HHD-containing proteins
Most HHDs have only been identified recently in their associated proteins (Fig. 1B) . The low-sequence similarities of these nine domains make them challenging to identify by sequence analysis only [13] (Fig. 1C) . Their solvent-exposed residues are highly divergent and sequence similarities are strictly limited to residues forming the hydrophobic core (19/75 residues) [8] . HHD domains are notably found in four paralog proteins related to hearing or synaptic processes, namely whirlin, harmonin, PDZD7 and delphilin. Strikingly, in these four proteins, the HHD modules are in close vicinity to PDZ domains. However, the number of copies and their relative positions in the sequence are unique to each protein. Delphilin has alternating HHD and PDZ domains, whereas PDZD7 contains an isolated HHD domain located in a low complexity region. In the case of harmonin, the sole HHD is adjacent to a PDZ domain, forming an intramolecular complex via an extension of this PDZ containing a hairpin (Hp) [12] . Whirlin has two HHD domains surrounding a PDZ tandem (PDZ1-PDZ2) [14] , which forms on its own a supramodule via two PDZ hairpin extensions, Hp1 and Hp2. The co-occurrence of HHD and PDZ (with or without extensions) may indicate a complementarity of function of the domains and suggests that supramodular interactions such as those identified in harmonin might also occur in this group of paralog proteins.
Whirlin HHD2 adopts a canonical five-helix fold in a crystal
As for other HHDs, the HHD2 domain of whirlin has not been investigated or reported in most studies. We determined the five-helix structure by X-ray crystallography at 1.75 A resolution ( Table 1 ). The asymmetric unit of the HHD2 crystal contains six independent monomers. Direct phase determination was performed using the anomalous scattering of a selenomethionine derivative.
The structures of the six copies in the asymmetric unit show the canonical five-helix fold expected for this domain ( Fig. 2A) . The helices a2-a5 and their connecting loops (residues E437-L495) in the six subunits can be closely superimposed with RMSD on Ca ranging from 0.16 to 0.21 A (Fig. 2B ). Slight differences are observed for the first helix of the domain, with orientations varying by only a few degrees between molecules in the asymmetric unit (Fig. 2B) . The helix orientation of the HHD2 of whirlin is similar to the other known structure of an unbound form of HHD in harmonin (Fig. 2C) . Their five helices (residues 425-495) superimpose with an RMSD on Ca of 0.96 A ( Table 2 ). The unbound HHD of harmonin is more compact than its bound form (pdb: 2LSR) and helices a1 and a2 adopt a different orientation to accommodate the helical motif of the partner protein.
In addition, the five N-terminal residues of helix a1 in whirlin are not visible in electron density maps, underlying disorder or flexibility. Only three helical turns are visible, and the first helix is shorter than expected from the HHD structures of CCM2 (4 turns, pdb: 4FQN) and harmonin (5 turns, pdb: 2KBQ).
A second crystal form of HHD2 reveals a threehelix bundle organized as a swapped dimer
In addition to the five-helix conformation of the HHD2 of whirlin, we obtained crystals growing in other crystallisation conditions containing 20% (v/v) propan-2-ol and 10% (w/v) poly ethylene glycol 4k. This crystal form allowed us to solve the structure of a noncanonical three-helix conformation of the domain at 1.85
A resolution (Table 1 ). In this novel structure, the HHD2 domain forms a swapped dimer (Fig. 3A) . Folding of loops a1/a2 and a3/a4 (hereafter called hinge loops) into a-helical turns leads to this alternative conformation by merging helices a1/a2 and a3/a4, thus creating a planar three-helix conformation in each protomer. By precluding the globular fold of the five-helix domain, the threehelix conformation in monomeric form would expose the hydrophobic core of the protein to the solvent. In the crystal structure, HHD2 forms a crystallographic dimer with the merged a2/a3 helices of one monomer interacting with the merged a4/a5 helices of the second monomer (Fig. 3B ), leading to a buried surface area of 2090 A 2 as calculated by PDBePISA web server (http:// www.ebi.ac.uk/pdbe/pisa). This swapped dimeric conformation buries the hydrophobic side chains of its core and reestablishes most of the hydrophobic contacts observed in the core of the canonical five-helix fold (Fig. 3C) . However, the hydrophobic core is slightly reorganized, due to the different orientation of helix a1 and to the absence of contacts formed by helix a1 with helices a2 and a4: the helix a4 is distorted and twisted by 1/3 of a helical turn before L477, to optimize the protection from the solvent of L476 and L477 (Fig. 3C) .
Interestingly, most of the essential electrostatic interactions (salt bridges and H-bonds) maintaining the fivehelix bundle are also present in the three-helix dimer (Fig. 3D ). These interactions occur on one side of the five-helix bundle around the a2/a3 and a4/a5 loops. In the dimer, they are either strictly conserved (i.e. R481. . .D493), or conserved but shared between the two subunits (Y450. . .D488, S485. . .Y450 and R491. .
.E458).
On the other side of the three-helix bundle, due to the conformational rearrangement of the hinge loops into a long helix, the connected network of bifurcated Hbonds and salt bridges (T436. . .E439. . .K473. . .N469) is lost in the dimer and replaced by weaker but more numerous a-helical NH i . . .O iÀ4 hydrogen bonds (from T436. . .R432 to E439. . .L435, and from N469. . .F465 to K473. . .N469).
In summary, conformational differences between the monomeric and dimeric forms of HHD2 are accompanied by a compensated rearrangement of the hydrophobic and electrostatic interactions. Overall, helices a2 to a5 of the dimer closely superimpose with those of the monomer (RMSD on Ca of 0. 40 A, residues E437-L495). However, the first 12 N-terminal residues are not visible in the electron density of the dimer, indicating increased disorder or conformational heterogeneity of helix a1 compared to the five-helix structure. Alcohol-induced helix formation has been extensively described in the literature [15] . For HHD2, while the monomer/dimer energy barrier might be substantial, crystallization conditions with the presence of 20% propan-2-ol likely promoted the helical folding of the a1/a2 and a3/a4 loop regions and trapped the domain in a swapped dimeric conformation.
The monomeric five-helix bundle is predominant in solution
To determine the conformation of HHD2 in solution, we used NMR spectroscopy and assigned the backbone resonances of the domain. Over the 80 residues of HHD2, 94% of the expected backbone resonances were assigned (Fig. 6B ). The first four residues (G420-T423) were not visible in the spectra, due to exchange line broadening (see below). The dihedral angles and secondary structure elements were predicted from the backbone chemical shifts with the TALOS-N server [16] . The predictions highlight five distinct helices, corresponding to the canonical five-helix fold of HHD2 but not to the three-helix topology of the swapped dimer (Fig. 4A) . To confirm the five-helix conformation in solution, we measured RDCs are in very good agreement with the back-calculated RDCs from the amide bond coordinates of the five-helix crystal structure (correlation coefficient R of 0.93). However, a poor correlation is observed with the three-helix dimer crystal structure (R of 0.67), indicating that the five-helix bundle is the predominant conformation of whirlin HHD2 in solution (Fig. 4B) . In addition to NMR spectroscopy, we also used analytical ultracentrifugation (data not shown) and SAXS experiments (Fig. 6A ) to detect the presence of HHD2 dimers in solution. The sedimentation coefficient (S 20,w of 1.235 S) and the radius of gyration (Rg of 15.5 A) are in agreement with a compact globular protein of 9.7 kDa. These different techniques are all consistent and show a major population of HHD2 monomers. Finally, with a melting temperature (T m ) of 75°C measured by Differential Scanning Calorimetry (data not shown), the domain is very stable and strong destabilizing conditions would be required for a monomer to swapped dimer transition to occur.
One face of the five-helix HHD2 exhibits multiple timescale dynamics and structural heterogeneity
The dynamic behaviour of HHD2 in solution was evaluated by 15 N NMR relaxation measurements (T 1 , T 2 and heteronuclear NOE). In addition, 15 A Stokes radius), further confirming that the five-helix monomer is the predominant state in solution. The relaxation parameters were then analysed using the Lipari-Szabo (LS) model-free approach [17] in terms of internal dynamic parameters (order parameter S 2 , internal correlation time s i and exchange parameter R ex LS ). Altogether these data show that one side of the domain defined by helices a2/a3 is rather rigid, with S 2 values close to 0.85 and without exchange contribution (Fig. 5A,B,C,G,H) , in agreement with low B-factor values for the monomeric five-helix crystal structure (Fig. 5F,K) . However, the opposite side undergoes dynamics on different timescales. Flexibility on a fast timescale (ps-ns) is observed in the N-terminal half of helix a1 (A425-D428), in the region encompassing loop a4/a5 (S478-D490) and in the unfolded C-terminal tail (from R498), with S 2 values below the average. In addition, the regions around the two hinge loops a1/a2 and a3/ a4 (H433-E439 and L468-S475) undergo conformational exchange on the ls-ms timescale as monitored by increased R ex LS and R ex RD values. It is worth noting that this multiple timescale dynamic process spans the a1/a4/a5 face from the fast to slow regime towards the hinge loops, suggesting a predisposition of HHD2 to explore different conformations around these hinge regions (Fig. 5G,H) . The site-specific compactness and heterogeneity of the domain were probed by 1 H, 15 N HETerogeneityband-Selective Optimized-Flip-Angle Short-Transient NMR (HET-SOFAST). As seen in Fig. 5D , the domain presents overall decreased structural compactness on the a1/a4/a5 face, with lower proton density (k noe > 0.3) and increased solvent accessibility, with intensive amide-water hydrogen exchange (k ex < 0.9). Also, a lower helical propensity is observed in helices a1, a4 and a5 than in a2 and a3 (Fig. 5E) , as judged from smaller combined 13 Ca, 13 Cb, 13 C' secondary shifts Dd av ( 13 C). Altogether, these observations denote an overall dynamic and instability of the a1/a4/a5 side in solution, which correlates with an increased disorder in this region of the crystal structure, displaying higher B-factors ( Fig. 5G-K) .
Interestingly, the increasing R ex RD contribution and decreasing peak intensities in the 1 H-
15
N HSQC spectrum are gradually observed upstream of L426 up to R424, beyond which resonances are no longer detectable. The same exchange process and the partially unstructured helix a1 are observed in an extended HHD2 construct starting five residues before (T415). No electron density from X-ray diffraction of the fivehelix form was observed before R424. Thus, the Nterminal region of whirlin HHD2 is mostly disordered and in conformational exchange, in contrast to the known structures of other HHD domains in which the N-terminal residues are part of a longer helix a1.
Finally, to assess whether the dynamics detected around the hinge loops and helix a1 could be related to an exchange process with a minor transient dimeric state, we attempted to promote dimer formation in solution using various buffer conditions. We observed a homogenization of peak intensities in the 1 H-15 N HSQC spectra by the addition of 5 to 30% propan-2-ol in the buffer, suggesting a change of behaviour of the hinge regions, helix a1 and the N-terminus of a4 (data not shown). However, we were not able to detect a dimeric conformation, even under numerous other conditions (5% 2,2,2-trifluoro ethanol, K-acetylation, 200 mgÁmL À1 ficoll, higher HHD2 concentration up to 1.5 mM, 450 mM NaCl, pH 3.4-7.5, temperature 20-50°C).
In conclusion, if the exchange detected in the hinge loops is due to the interconversion with a swapped dimer transiently formed and populated at very low level, the energy barrier between the monomeric and dimeric states might be high, as suggested by the high T m value of 75°C and the strong intramolecular hydrophobic interactions. This could explain the absence or low proportion of the dimeric form in our experimental conditions in solution. Alternatively, the conformational exchange could be due to intrinsic dynamics of the domain in the absence of a stabilizing binding partner.
HHD2 is mainly independent from the N-terminal PDZ supramodule of whirlin
Using small angle X-ray scattering and NMR, we investigated the potential intramolecular interaction of HHD2 with the adjacent PDZ domains in the multidomain context of whirlin. The two N-terminal PDZ domains of whirlin form a supramodule (PDZ1-PDZ2) in equilibrium between a predominant closed conformation and more open conformations [14] . The N-terminus of HHD2 is tethered to this supramodule by a 41-residue linker. The scattering curve of the 24.9 kDa PDZ2-HHD2 bidomain yields large radius of gyration (Rg, 31.2 A) and maximum distance values (Dmax, 145 A) (Fig. 6A) . The relative distance distribution function P(r) shows a major population at small distances (31 A) and gradually decreases up to longer distances (145 A). This distribution is characteristic of independent domains linked by a flexible linker. By comparison, the larger supramodule construct PDZ1-PDZ2 (27.1 kDa) has significantly smaller Rg (27.5 A) and Dmax (110 A) values and a more compact distribution of interatomic distances (Fig. 6A) . The 39.8 kDa construct encompassing the three domains, PDZ1-PDZ2-HHD2, has similar size parameters to those of PDZ2-HHD2 (Rg: 33.2 A and Dmax: 150 A), the addition of PDZ1 increasing only slightly the maximum interatomic distances. In addition, the electron pair distribution function P(r) of PDZ1-PDZ2-HHD2 displays a slight bimodal shape, in contrast to that of PDZ1-PDZ2. The shoulder observed at higher interatomic distances could correspond to average distances either between HHD2 and the PDZ1-PDZ2 supramodule, or between PDZ1 and PDZ2 due to a change in the conformation equilibrium toward a more open conformation of the supramodule as observed for some PDZ1-PDZ2 mutants [14] . These results indicate that HHD2 is still monomeric and that PDZ1-PDZ2-HHD2 does not form a three-domain supramodule.
To confirm the global conformation information obtained by SAXS, the 1 H- 15 N HSQC spectra of HHD2 and PDZ1-PDZ2-HHD2 constructs were compared (Fig. 6B,C) . The good superimposition of the two spectra and the marginal differences between the 1 H and 15 N average chemical shifts of HHD2 isolated 
Discussion
In this study, we report the structure of the HHD2 domain of whirlin. Crystallographic data reveal two conformations of the domain, a monomeric five-helix bundle similar to those of other members of the HHD family and a noncanonical three-helix fold, which forms a swapped dimer by interchanging two pairs of helices, a2-a3 and a4-a5. Most of the electrostatic and hydrophobic interactions present in the monomer are preserved or replaced by intermolecular interactions in the dimer. Apart from the hinge regions, the only significant structural differences with the monomer are the conformation and length of the first helix and orientation of the N-terminal half of helix a4. The five-helix bundle is the conformation of HHD2 observed in solution.
Domain dynamics as a predisposition for a monomer-to-dimer switch
Interestingly, one face of the domain encompassing helices a1, a4 and a5 and the hinge regions exhibits structural instability and internal dynamics from the fast to slow regime towards the hinges. It is predicted that protein sequences that are not optimal with regard to the stability of the native structure are more prone to be exchanged with the same fragments of identical proteins [18] . Also, increased flexibility around the hinges might facilitate the opening of the structure and decrease the energy barrier between the two states. The intrinsic and local plasticity of HHD2 could therefore underline a predisposition of the domain to a conformational rearrangement under certain conditions, e.g., by local unfolding around the hinge regions prior to folding back into a-helical turns.
Comparison with other HHD structures: helix a1 disorder and overall domain dynamics suggest structural plasticity to modulate ligand binding
The structures of whirlin HHD2 revealed a shortened first helix compared to the other known HHD structures. The N-terminal residues of the domain are indeed disordered in both crystal structures and are affected by conformational exchange in solution. In harmonin and CCM2, the corresponding residues are directly involved in binding amphipathic helixcontaining ligands. In both cases, helix a1, which is closely packed to helix a2 in the unbound structures, is rotated by a few degrees and pushed away from a2 in the bound structures, exposing the hydrophobic residues of helix a2 and of the a4/a5 loop. It is thus expected that upon peptide binding, the N-terminal residues of whirlin HHD2 adopt a helical conformation by interacting with a stabilizing partner. The few examples found in the literature show that HHD domains are also prone to interact with partners via noncanonical binding surfaces. For instance the harmonin HHD interacts with its adjacent PDZ domain via the a3/a4 loop and CCM2 HHD binds the protein MEKK3 via a large surface of the a2 and a3 helices. In the case of whirlin, the flexibility of the domain may allow the accommodation of different partners via different binding sites.
HHD2 is common to all whirlin isoforms and does not form a three-domain supramodule with the N-terminal PDZ tandem HHD2 is the only domain present in all three isoforms of whirlin. However, its function and its binding partners are currently unknown. The full-length isoform of whirlin is involved in maintaining the morphology of photoreceptors [19] and is required at the ankle-link complex during hair cell development [20] . In these two types of cells, whirlin interacts via its PDZ1 and PDZ2 domains, with motifs contained in the cytoplasmic region of Usher membrane proteins forming fibrous links in stereocilia and in the periciliary ridge complex region [21] . We recently showed that in solution, these two N-terminal PDZ domains form a transient supramodule, increasing significantly the affinity of the individual PDZ for one of its cytoplasmic partners (sans) [14] . Here, we show that HHD2 is linked to the preceding PDZ1-PDZ2 supramodule by a 41-residue flexible linker, that it does not stably interact with PDZ1 or PDZ2 and that it conserves its five-helix conformation in the multidomain constructs of whirlin. It is possible that the molecular interactions involving HHD2 are related to the function of the C-terminal isoform of whirlin, localized at the tip of mature stereocilia and involved in interaction with actin-related proteins [22] . Our data suggest that whirlin HHD2 could function as a binding domain and/or oligomerization domain. First, the C-terminal isoform, which has been studied mainly through its PDZ3 domain, is involved in a multiprotein complex with Myosin15 and Eps8, two actin-binding proteins, as shown both in vitro and in hair cells [7, 23] . It has been clearly established that some of these interactions do not involve the PDZ3 domain of whirlin, thus HHD2 is a good candidate for modulating some of the interactions in the actin-related complex of whirlin. It has also been proposed that whirlin and other cytoplasmic proteins involved in hearing form dimers in hair cells [21, 24] . Our observation shows a swapped dimeric conformation of HHD2 under certain experimental conditions. Although we could not induce a swapped dimer conformation of HHD2 in vitro, such a mechanism could be relevant in vivo due to the extreme conditions found in the connecting cilia of photoreceptor cells and the stereocilia bundle of auditory hair cells [25] . It could be a mechanism to promote a larger oligomeric complex from the small isolated domain [18, 26] . Alternatively, the dimeric conformation could regulate whirlin function by masking its ligandbinding surface under certain conditions. A search for binding partners of the whirlin HHD2 domain and characterization of the possible dimerization of whirlin must be undertaken to better understand the function of its C-terminal isoform.
Materials and methods
Protein & sample production
All constructs of whirlin are based on murine isoform 4 (Q80VW5-4): HHD2 (residues 420-499), PDZ2-HHD2 (276-499) PDZ1-PDZ2 (137-385), PDZ1-PDZ2-HHD2 (137-499). All were cloned into a pGST//2 vector (derived from pGEX-4T-1; Amersham). A TEV cleavage site was introduced between the N-terminal GST tag and the protein sequence. All mutants were generated using QuickChange-2XL (Agilent, Santa Clara, CA, USA) kit and protocol. Plasmids verified for DNA sequence (Eurofins, Paris, France) were transfected to E. coli BL21 (DE3) star (Invitrogen, Carlsbad, CA, USA). Bacteria were expressed in LB medium or M9 minimal medium supplemented with 15 NH 4 Cl and 13 C-glucose. Selenomethionine labelled proteins were first grown in M9 complemented with L-methionine until OD 600 nm 1.0, and then overexpressed in M9 complemented in L-seleno-methionine after a starvation phase. At OD 600 nm of 0.8, protein expression was induced by the addition of 1 mM IPTG for 3 h at 30°C. Bacteria were harvested by centrifugation, suspended in 50 mM TrisHCl, 250 mM NaCl, 5 mM 2-mercaptoethanol, pH 7.5, buffer containing protease inhibitors (Complete, Roche Diagnostics, Risch-Rotkreuz, Switzerland) and disrupted by sonication. The extract was centrifuged at 15 000 RCF for 1 h. Tagged proteins were purified by affinity chromatography using GSTrap (GE Healthcare) followed by TEV cleavage overnight at 4°C and a last step of size-exclusion chromatography (SEC) using a Sephacryl S-100 HP 16/60 (GE Healthcare, Chicago, IL, USA). All proteins were purified in 50 mM Tris-HCl pH 7.5, NaCl 150 mM.
Small angle X-ray scattering X-ray scattering data were collected at the SWING beamline at Soleil (Saclay, France). 50 lL of sample (concentrations ranging from 4 gÁL À1 to 12 gÁL À1 ) was injected on a Superdex-200 5/150GL (GE) size exclusion column in-line with the SAXS measuring cell. Frames with a duration of 1 s were recorded during the whole elution time. Approximately 100 frames recorded in the dead volume of the column were averaged to generate the buffer subtraction curve and 10 to 30 frames corresponding to the top of the elution peak were averaged to generate the result curve. Primary data reduction was performed using the program FOX-TROT (Xenocs SAS). The one-dimensional scattering intensities are expressed as a function of the modulus of the scattering vector Q = (4p/k) sinh with 2h being the scattering angle and k the X-ray wavelength. Buffer intensities were subsequently subtracted from the respective sample intensities using the software package PRIMUS [27] . The radii of gyration were evaluated using Guinier approximation [28] . Dmax was determined from distance distribution function P(r) obtained with the program GNOM [29] .
Crystallization, structure determination and refinement
Initial screening of crystallization conditions was carried out by the vapour diffusion method with a Mosquito TM nanolitredispensing system (TTP Labtech). Sitting drops were set up using 400 nL of a 1 : 1 mixture of protein and crystallization solutions (672 different commercially available conditions) equilibrated against 150 lL reservoir in multiwell plates (Greiner Bio-One). The crystallization plates were stored in a RockImager1000 TM (Formulatrix) automated imaging system to monitor crystal growth. Crystals of the five-helix conformation of HHD2 were obtained at 4°C in solutions containing 100 mM cacodylate and 1.26 M ammonium sulphate. The 3-helix conformation was crystallized with 20% propan-2-ol and 10% PEG 4k at 18°C. Single crystals were flash-cooled in liquid nitrogen using a 1 : 1 mixture of Paratone-N and paraffin oil as cryoprotectant. X-ray diffraction data were collected on beamline PROXIMA-1 at Synchrotron SOLEIL (Saint-Aubin, France). The diffraction images were integrated with XDS [30] .
The structure of the 5-helix crystal form was solved by the single-wavelength anomalous dispersion (SAD) phasing method with a selenomethionine-labelled protein. Structure determination of the three-helix crystal form was performed by SAD phasing with a platinum heavy-atom derivative. Heavy-atom sites were located with SHELX [31] and crystallographic calculations were carried out with programs from the CCP4 program suite [32] . The protein structures were refined with the program Buster [33] and manual adjustments were made to the models with Coot [34] . Final refinement of the three-helix structure was carried out with 1.85 A resolution data from a native (not heavy atom substituted) crystal. The crystallographic parameters, data statistics and refinement parameters are shown in Table 1 [36] . Analysis of the secondary structure elements was achieved using proton and carbon chemical shifts with the TALOS-N prediction server [16] .
Helical propensity from 13 C secondary shifts
The combined 13 Ca, 13 Cb, 
Protein dynamics
The 15 N relaxation times (T 1 and T 2 ) and { 1 H}-15 N heteronuclear NOE were measured on a 340 lM HHD2 sample, by standard methods [38] , in an interleaved manner with a recycling time of 3 s and with eight relaxation delays for T 1 (20, 100, 200 , 400, 600, 800, 1200, 1600 ms) and T 2 (17, 34, 51, 68, 85, 119, 187, 306 ms) . The heteronuclear NOE were recorded in the presence and absence of a 2 s 1 H saturation sequence (120°1H pulse train). The relaxation parameters were analysed using the model-free formalism of Lipari and Szabo [17] with the program TEN-SOR2 [39] N 180°p ulses applied during the CPMG period (T r ), which was kept constant at 160 ms. A reference spectrum was recorded without the CPMG period and R 2,eff (s CP ) was calculated as -ln(I(s CP )/Iref)/T r . The exchange contribution R ex RD was approximated by R 2,eff (s CP = 20 ms) -R 2,eff (s CP = 0.5 ms).
Protein compactness and solvent accessibility 2D-HET-SOFAST (HETerogeneity-band-Selective Optimized-Flip-Angle Short-Transient) experiments were recorded as previously described [40] . Values for k noe (k ex , resp.) were obtained from the ratio between measured intensities in an experiment where the aliphatic (water, resp.) protons were selectively inverted and that of a reference experiment. 
Chemical shift perturbations
